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This is a sequel to an earlier article on the theory of angular correlation for double photoionization. Here we consider the 
two-step double photoionization of a rare gas atom under the influence of a polarized photon beam described by appropriate 
Stokes parameters. Cylindrical mirror analyzers (CMA) are used to detect the outgoing electrons. Theoretical values of the 
correlation function are obtained for linearly polarized light. Two different situations are handled. Once, the value of the 
correlation function is obtained keeping the photo-electron in a fixed direction. In the other case the direction of the Auger 
electron is kept fixed. Comparison with experiments on xenon shows excellent agreement for the case of 4d 5 / 2 photoionization 
followed by a subsequent TVs — O23O23 1 <5o Auger decay for a linearly polarized incident photon of energy 94.5eU [J. Phys.B, 
26, 1141 (1993)]. 



PACS: 32.80, 32.80.H, 32.80.F, 03.65.T, 79.20.F 



I. INTRODUCTION 

In an earlier paper [Q] we considered the double photoionization (DPI) of a rare gas atom under the influence of a unpolarized 
photon. The atom was taken to be in a randomly oriented 1 So state. We considered the angular correlation between the two 
successively emitted electrons, their emissions being adequately separated in time g|. Using a statistical theory we obtained 
good agreement with the experimental results of Kammerling and Schmidt Q . 

In the present paper we take the incident photon beam to be polarized. The rare gas atoms receiving the photon beam no 
longer remain randomly oriented, but become aligned. If a photon of adequate energy is absorbed by an atom, a photo-electron 
is emitted from one of its inner shells, leaving the atom singly ionized. This ion subsequently de-excites by emitting an Auger 
electron Q from one of its outer shells. We are left with a doubly ionized atom and two electrons in the continuum. The double 
photoionization process described above therefore amounts to 

hu + A — >A + +e7/ — >A ++ +e^+e^". (1) 

As in reference jlj we denote the initial state (photon+atom) by the set of quantum numbers ( J a M a a a ), or by virtual quantum 
numbers {J' a M' a a' a ), keeping in mind possible interaction with other atoms and electrons. (J a ,M a ) or (J' a Ma) are angular 
momentum quantum numbers, and a a ,a' a stand for the set of remaining quantum numbers. Similarly for the intermediate and 
final states. The polarization properties of the photon beam are described by appropriate Stokes parameters Si, £2 and S3 pi. 



II. DPI BY POLARIZED PHOTONS : 



We proceed by calculating the density matrix M and the angular correlation function, which is the expectation value of the 
efficiency operator for the detection of electrons. The density matrix of the initial state equals the product of the density matrix 
of the intermediate singly ionized atom and the density matrix of the photo-electron. Similarly, the density matrix of the singly 
ionized atom can be written as the product of the density matrices of the doubly ionized atom and the Auger electron. 

Using the Wigner-Eckart theorem, the matrix element of the density operator for the initial atomic state can be expressed 
as § 

(J a M a a a \p\j' a M' a a' a ) = ^ (-l) Ji ~ Mi ^/^p Jko( , (J a OB, J' a a' a ) . (2) 

k a K a 

Here the statistical tensor Pk a n a is an irreducible tensor of rank k a , which transforms according to the (2k a + 1) dimensional 
irreducible representation D ka of the rotation group. In Eq.(^) G"^ J ^ a K is a Clebsch-Gordan coefficient satisfying the triangle 
rule k a = J a + J a an d n a is the projection of k a . Using the unitarity property of Clebsch-Gordan coefficients we get 
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pk aKa {J a a a , J' a a'a) = (-l) Ma ""Cjy/^ <J M Q a | p | j' a M' a a' a ) . (3) 

We assume that the initial state is formed after the randomly oriented rare gas atom absorbs a photon. Then the density 
matrix of the initial state becomes 



Pk aKa (J*aa, JLa'a) = 3(2J + 1) E koK0 k, Ky V2fco + + IC%7$ 

{Jo J'o k "I 
1 1 fc 7 > Pk „ (Jo,Jo)pl jK , i (l,l) ■ 
J a J a k a J 



(4) 



This equation satisfies the triangle rule ko = Jo + Jo, where Jo and Jo are the angular momentum quantum numbers of the 
randomly oriented atom before absorption of the photon and its virtual counterpart respectively. Here pk n {Jo, Jo) represents 
the density matrix of the randomly oriented atom and can be expressed as 

p koKO (Jo,Jo) = 7====== 8 ko oS Ko0 (Jb\\jl || Jo) (Jb\\j'l \\Ja)* (J c || h Pb) (JcWfl \\Jb)* ■ (5) 

V 2 Jo + J- 

Here the symbol (|| ||) stands for a reduced matrix element. 

In Eq. (^) the expression pi K (1, 1) represents the density matrix of the photon with its polarization properties. Its elements 
are 

POO - ^3 PlO - v-3 PlO ~ (R) 

pj±i = o pZ ±1 = o pZ ±2 = -\{Sx q= is 2 ) . 1 ' 

Si , S2 and S3 are the Stokes parameters |Q describing the polarization of the photon. 
Then Eq.(@) yields 

P^ShJ'a) = 3(-l) J - + ** +1 l f ^ £1^(1,1) 

x <J»||ji II Jo) (JiHil ||J«>* (Jell ja ||J»> {Jc||j 2 ||J b >* ( 7 ) 
" 3( V"4+i P *""" (1,1) <J>I|J ' 1 " Ja) <J "" Jl l|Jar<Jc||j2 l|J6) <Jc|1 ^ l|J " r - 



We define the angular correlation function as the expectation value of the efficiency operator Jl| . Following the same notation 
as in reference |jj we can write it as 

^ Pk a K a {JaOia, J'aCt'a)Sh a n a (Jaaa, jWa) ■ (8) 



e — 

J a J'a a ol' k 



Some simplification gives 



E = Pk a K a (Ja, Jq)£fc cKc (Jc, J 'c)£k 1K1 ( Jl ; Jj )gfc 2 « 2 ( ^ 2 ' ^) 

x *; C^l k 4V 2 J~TTV 2 JL + W 2 k b + iV 2fci + l 

x V2Jb + lv/2J£ + W2k c + W2k 2 + 1 , g s 
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where the summation extends fc 2 and «2- 

In Eq.(|^) e^. K .(ji, j[) is the efficiency tensor component for detection of the ith electron. Here i = 1 corresponds to the 
photo-electron, and i = 2 to the Auger electron. In DPI experiments the detectors usually used are cylindrical mirror analyzers 
(CMA) fij which have cylindrical symmetry with respect to the axis of the detector. Details of the choice of detectors are given 
in reference^]. The efficiency tensor component now becomes 

4 iKi UiM) = w^m^^w . (io) 

Since the residual doubly ionized state is unobserved, the corresponding quantum numbers are averaged over. This gives 



£k cK , c ( J cJ'c) = V2J C + lSk c oS Kc oS JcJ ' c ■ (11) 

Then Eq.(§) becomes 
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e = E p^AJ a , ^)^2XTTa fc ^ l ^ a C . fc 2 2 ^ b ^2XT T ^/2J^T T 
x y/2k b + lV2fci + W2J b + l^2J' b + W2k c + W2k 2 + 1 

(12) 
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x z kl (l)c fclKi (jiJi)** 2 ( 2 K 2 « 2 (Ki)Z?*? K2 (3fo) 



^ Kl (Ki)D^ 2 (SR 2 ) = X,C&*»*C^*,D* I .K») (13) 



Here we have used the relation 



to get the actual angular dependence of the angular correlation function. In Eq.(|13[) the Euler rotation 5ft = (/3i6[3 2 ) ]8[- This 
geometrical dependence of the tensor matrix element is separated out from the dynamics by using the Wigner-Eckart theorem. 
As a result, the dynamics of the DPI process resides in the reduced matrix elements and the geometric dependence is contained 
in the angular part. 
We define 

C = V2Jc + l-vMi + 1V2J 6 + + \^2k 2 + 1 (14) 

and 

£ = (Jb\\3l \\Ja) {Jb\\j'l || Jc,)* (M\h || Jb) (Jellia II JO* ■ (15) 
Then the expectation value of the efficiency operator in Eq.(^) becomes 
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(16) 



A. Attenuation corresponding to polarization sensitivity of a detector 

The electron detector may or may not be sensitive to the spin state of the incoming electron. The attenuation of the signal 
due to the detector will depend on this sensitivity. The factor Ck iKi (jiji), (* = 1>2) describes this property |Q. We shall now 
consider two different cases. 



1. Case-I : Detectors insensitive to electron polarization 

If the detectors(CMAs) are insensitive to the spin polarization of electrons then the projection Ki of the fc^th component of 
the angular momentum is effectively zero, i.e. the electrons are emitted symmetrically with respect to the axis of the detector. 
Hence the attenuation factor can be written as 



,. .,, V / 27r+T v /2j[+l , lV /,-l+k< rtifai 
CfcioO«i) = (- 1 ) 2 c i_i - (I 7 ) 



2. Case-II : Detectors sensitive to electron polarization 

In reference Jl| we defined Ck iKi {jij'i) as the attenuation factor due to the change in the state of polarization of an electron 
caused by the detector. When the detectors are insensitive to electron polarization, one takes the average over the electron 
spin and its projection. Now consider the case where the detectors are sensitive to electron polarization. In this case the spin 
sensitivity of the detectors is described by a tensor of the form Ck s . Ks . (s;S;). The attenuation factor then turns out to be 



.(jij'i) = c kli o{lili)ck s . Ksi {s i Si)yj2ki i + lyj2k Si + 1 



1% It k>ii 

Si Si ks^ 
ji ji ki 



xVW+iVW + i{ ■< «i K \c^ kz ' ,JS ' 
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where 



.o(hli) — 



4tt 



1 ^nnn 



(19) 



and Ck s .K,.(siSi) can be expressed in terms of the Stokes parameters describing the spin polarization of the electron to be 
detectedH. The factor c ks . Ks . (sjS,) picks out electrons with a particular spin projection and may be called a Stern-Gerlach 
operator. Its components are 



coo = 77? 



i 

CH = — (Sx — iSy) 



ClO = 



Cl 



HI 

-l = — (S x + iS. 



(20) 



Here S% , Sy and S% are Stokes parameters describing the polarization of the electron. For polarization insensitive detectors one 
has S% — Sy = SI — 0, and the attenuation factor reduces to Eq. (p^) . 

The lifetime of the singly ionized state is very small. Depending on the photon energy there may be a situation where it is 
impossible to differentiate between the photo- and Auger electrons simply by energy analysis. Then, to distinguish between the 
two electrons it is necessary to measure the electron spin, i.e. their polarization. For spin analysis of the electrons we have to 
use a Stern-Gerlach type experimental set-up. Here the factor c kB . Ks . (siSi) serves exactly that purpose, i.e. picks out electrons 
with a particular spin projection. This type of experiment is known as 'energy- and angle-resolved coincidence experiment' and 
is being done by Schmidt and his co-workers 

In general, for DPI of atoms using polarized photon of sufficient energy, one can distinguish the photo- and the Auger electrons 
by differential energy analysis. In that case determination of electron spin is meaningless. Then, if the spin is unobserved, one 
can take the average over the spin projection. In that case the projection m of the fcith component of the angular momentum 
is zero and the attenuation factor c kiKi (jij[) turns out to be Cfc 4 o(iiJi)- 



III. CALCULATION AND RESULTS 

In reference |l| we treated DPI in the xenon atom due to unpolarized light. In this paper we are concerned with the same 
xenon atom with the difference that DPI occurs due to a polarized light source. A randomly oriented xenon atom is irradiated 
with a polarized photon beam of energy 94.5 eV. As a result, the xenon atom no longer remains randomly oriented but acquires 
the polarization of the photon beam. This leads to photoionization in the 4d 5 / 2 shell followed by a subsequent N 5 — O23O23 So 
Auger decay. We use the dipole approximation, the letters e, / and g for the three possible photoionization channels These 
are characterised by e)4d 5 / 2 — ► ep/7/2, /)4ds/2 — ► £pj 5/2 and g)^d 5 / 2 — ► £pP3/2 respectively. And the Auger transition is 
characterised by the wave eao1 5 / 2 . The same selection rules for photoionization and Auger transitions hold good as in the case 
of unpolarized light. 

In experiments for measuring angular correlation one usually chooses detectors which are insensitive to the spin polarization 
of electrons. In such a case k% = k 2 — k'i = k 2 = k = k — 0, and Dq Q ((3i6(3 2 ) = P k (cos8). Then Eq. ( |l^ ) becomes 
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The summation extends over ki, k 2 and k. 

In the limiting case of unpolarized photons Eq.(pl|) reduces to a simple form. Using Eq. ( |l7| ) and some properties of 9 — j 
symbols and Racah coefficients [[To), we get 

£ = E k Zk(l)z k (2)(-iy^c k0 (jiji)cl (3 2 j' 2 ) 

x (J c \\ji \\J b ) (Jc|| jr || J 6 )* <Ji|| ja || Ja) (J b \\ j'i \\J«Y (22) 
Xw(J b Jl,jij[;kJa)w(J b J' b j 2 j' 2 ;kJ c )P k (cos 6) . 

Note that this is identical with Eq.(25) of reference Q, as it should be. 

Experiments on the xenon atom were carried out by Schmidt and his co-workers using 94.5 eV synchrotron radiation 
They used a perpendicular plane geometry to describe the process. The collision frame x, y, z is attached to the target where the 
2 axis coincides with the direction of the photon beam. The arbitrary polarization of the incident beam from the synchrotron 
is described by the Stokes parameters Si, S 2 and S3. Both Si and S 2 refer to the same quantity, but with differently oriented 
axes. One can make S2 = by choosing the x axis of the collision frame to coincide with the direction of maximum linear 
polarization, i.e. the major axis of the polarization ellipse. To compare our results with experimental values we use the same 
polar and azimuthal angles in the perpendicular plane geometry. Fig.l shows the perpendicular plane geometry described 
above, ei and e2 being the directions of emission of the photo- and the Auger electron respectively. 8 is the angle between their 
directions of emission. We have calculated the theoretical value of the angular correlation function for two different cases. 
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(i) The photo-electron is observed in a fixed direction and the Auger electron spectrometer is turned around to get the angular 
distribution of the Auger electrons with respect to the photo-electron. Here the maximum allowed value of k is 2j2- 

(ii) The second one is the complementary case, i.e. the Auger electron is observed in a fixed direction and the photo-electron 
spectrometer is turned around to get the angular distribution of the photo-electrons with respect to the Auger electron. Here 
the maximum allowed value of k is 2j'i jmax , Ji, max is the maximum value of j\ for the possible photoionization channels. 

The value of k gives the highest order of the Legendre polynomials occurring in the correlation function. Interchannel 
interaction of the different photo-electron channels contributes to the angular correlation pattern by introducing the different 
terms, however, the total intensity remain unchanged. This inter channel interaction is treated as it was in reference jjj]. 

As in reference [Q] we have defined the angular correlation function to be the angular part of the expectation value of the 
efficiency operator. Solid lines represents the theoretically calculated plot and the dots represents the experimental plot Q. 
For a linearly polarized incident photon beam the angular correlation function for our case turns out to be 

i) Case 1: Si = 1,5*2 = 0,5*3 unknown. The photo-electron is observed in a fixed direction and the Auger electron 
spectrometer is turned around to get the angular distribution of the Auger electron with respect to the photo-electron. 

W(6) ~ 1 + 1.314P 2 (cos0) + 1.100P 4 (cos6>) . (23) 

ii) Case 2: Si = 1, 5*2 = 0, 5*3 unknown. The Auger electron is observed in a fixed direction and the photo-electron 
spectrometer is turned around to get the angular distribution of the photo-electron with respect to the Auger electron. 

W(0)~ l + 0.817P 2 (cos60+0.602P 4 (cos6))+0.570P6(cos(9). (24) 

In both the cases one of the electron spectrometers is kept fixed along the direction of the electric field vector (x-axis). 
The index k in the general theoretical expression for e depends on the angular momenta of the emitted electrons. Hence, the 
structure of the angular correlation pattern depends on this index. If higher order angular momenta are involved the angular 
correlation pattern has more structure. This is clear from the figures 2 and 3. Since the distribution of the photo-electron with 
respect to the fixed Auger electron direction involves higher order angular momenta, the angular correlation patterns has more 
structure. 




Figure 1 : Perpendicular plane geometry used in the experiments by Schmidt and his co-workers 
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Figure 2. Angular correlation pattern for xenon due to a linearly polarized photon beam(S'i = 1, S2 = 0, S3 unknown) of 
94.5 eV (4d 5j / 2 photoionization followed by JV5 — O23O23 So Auger decay). The photo-electron is observed in a fixed 

direction Ji). 




Figure 3. Angular correlation pattern for xenon due to a linearly polarized photon beam(S'i = 1, 1S2 = 0, 1S3 unknown) of 
94.5 eV (4d 5 / 2 photoionization followed by N5 — O23O23 1 So Auger decay). The Auger electron is observed in a fixed 

direction |3|. 

Acknowledgment: One of the author (CS) would like to acknowledge the financial support provided by the University 
Grants Commission of India. 



[1] D. Chattarji and C. Sur, Phys. Rev. A 65, 012702 (2001). 

[2] D. Chattarji and C. Sur, J. El. Spec, and Rel. Ph. 114-116, 153 (2001). 

[3] B. Kammerling and V. Schmidt, J.Phys.B 26, 1141 (1993). 

[4] D. Chattarji, The Theory of Auger Transitions (Academic Press, London, 1976). 



G 



[5] Max Born and Emil Wolf, Principles of Optics, 30, (Pergamon Press, Oxford, 1975). 
[6] K. Blum, Density Matrix Theory and App lications (Plenum Press, New York, 1981). 



[7] http://srs.dl.ac.uk/SSL/equipment/CMA 



[8] D. Chattarji and C. Sur, physics/0108073. 
[9] V. Schmidt, Pramana 50, 501 (1998). 
[10] D. M. Brink and G. R. Satchler, Angular Momentum, 2nd ed (Oxford University Press, Oxford, 1965). 



7 



